Adult neurogenesis in the mammalian brain is often viewed as a continuation of neurogenesis at earlier, developmental stages. Here, we will critically review the extent to which this is the case highlighting similarities as well as key differences. Although many transcriptional regulators are shared in neurogenesis at embryonic and adult stages, recent findings on the molecular mechanisms by which these neuronal fate determinants control fate acquisition and maintenance have revealed profound differences between development and adulthood. Importantly, adult neurogenesis occurs in a gliogenic environment, hence requiring adult-specific additional and unique mechanisms of neuronal fate specification and maintenance. Thus, a better understanding of the molecular logic for continuous adult neurogenesis provides important clues to develop strategies to manipulate endogenous stem cells for the purpose of repair.
T ypically, neurogenesis in the adult mammalian brain is viewed as continuation of earlier processes from development (Kriegstein and Alvarez-Buylla 2009) . This view has been corroborated by the similarity of neural stem cells (NSCs) during development and in adulthood that are in both cases radial glial cells (Götz and Huttner 2005; Kriegstein and Alvarez-Buylla 2009; Taverna et al. 2014) . However, despite the morphological similarities between embryonic and adult radial glia, there are also profound differences, for example, in their genome-wide gene expression, as well as their proliferation and fate. Notably, adult NSCs resemble more bona fide glial cells, such as mature astrocytes or ependymal cells from the adult brain, whereas embryonic NSCs, the radial glial cells, resemble more adult neuroblasts (NBs) and transient amplifying progenitors (TAPs) in the same comparison Götz et al. 2015) . On the other hand, recent studies have revealed that neurogenic transcription factor (TF) regulators used in embryonic and adult neurogenesis are very similar, comprising the homeodomain TFs Pax6, Gsx2, and Dlx (Hack et al. 2005; Kohwi et al. 2005; Brill et al. 2008; Colak et al. 2008; Ló pez-Juárez et al. 2013; Ninkovic et al. 2013; Walcher et al. 2013 ) and the basic helix -loophelix (bHLH) proneural TFs Ascl1, Neurog2, and Neurod1 (Parras et al. 2004; Kim et al. 2007 Kim et al. , 2011 Brill et al. 2009; Roybon et al. 2009; Andersen et al. 2014) . However, recent studies have also revealed some surprising differences in the mode of their function at the molecular level in the developing and adult brain (Ló pezJuárez et al. 2013; Ninkovic et al. 2013; Walcher et al. 2013; Andersen et al. 2014; Urban and Guillemot 2014) .
GLIOGENIC ENVIRONMENT IN THE ADULT BRAIN
Why would adult neurogenesis require different or unique regulatory mechanisms? Foremost, a major difference between the developing and adult brain is the environment to which NSCs and their progeny are exposed. Radial glial cells in embryos are surrounded by many other radial glial cells and in close contact with the migrating neurons, whereas ependymal cells and a unique vascular network have become the direct neighbors of adult NSCs in the subependymal zone (SEZ) (reviewed in Fuentealba et al. 2012) . These ependymal cells are not yet present in the embryonic brain as they are generated at late embryonic/early postnatal stages (Spassky et al. 2005; Paez-Gonzalez et al. 2011) . Indeed, the proper formation of the ependymal layer appears to be relevant for the development of adult NSC hallmarks, even though cell autonomous or nonautonomous mechanisms are difficult to separate given the common origin of adult NSCs and ependymal cells from embryonic radial glia (Jacquet et al. 2009; PaezGonzalez et al. 2011) . Likewise, adult NSCs in the dentate gyrus (DG) are surrounded by many glial cells that were not yet present at embryonic stages, such as mature oligodendrocytes and NG2 glia, or astrocytes. Indeed, these glial cells are largely generated at postnatal stages, whereas a majority of embryonic neurogenesis takes place in a privileged environment with neurogenesis as the default fate and gliogenesis still inhibited (Miller and Gauthier 2007) with radial glial cells acting as NSCs as virtually the only glial cells present (except some NG2 glia appearing at embryonic stages; for a recent review, see Dimou and Götz 2014) .
In contrast, at all later stages in the postnatal and adult brain, gliogenesis is the predominant fate used outside the rather few neurogenic niches. In fact, transplantation studies have shown that cultured embryonic and adult progenitors, which show a strong neurogenic capacity in vitro, cannot efficiently generate neurons when grafted in the adult brain parenchyma, and instead, their fate is strongly skewed toward gliogenesis (Herrera et al. 1999; Cao et al. 2002; Enzmann et al. 2005; Hofstetter et al. 2005) . Interestingly, the only places in the adult brain where transplanted cells can produce neurons are the areas of continuous neurogenesis such as the hippocampal DG (Shihabuddin et al. 2000) . Moreover, although many studies have reported the occurrence of cells with a neurogenic capacity in normally nonneurogenic adult central nervous system (CNS) regions such as the spinal cord (Weiss et al. 1996; Shihabuddin et al. 1997 Shihabuddin et al. , 2000 Yamamoto et al. 2001a,b) , such cells are mostly incapable of regenerating neurons, and instead become glia or remain undifferentiated in vivo after injury (Yamamoto et al. 2001b; Ohori et al. 2006; Yang et al. 2006; Barnabé-Heider et al. 2010 ; for details, see Nakafuku and Grande 2013) . This strong antineurogenic/gliogenic nature of the adult CNS is further highlighted by the fact that the capacity of neurogenic fate determinants such as Pax6, Ascl1, and Neurog2, which can efficiently reprogram nonneuronal cells into neurons in culture dishes, is very limited in vivo in the adult CNS (Buffo et al. 2005; Ohori et al. 2006; Grande et al. 2013; Torper et al. 2013) . The molecular nature of this antineurogenic environment remains poorly understood, but probably involves a broad spectrum of humoral factors, such as inflammatory and immune cytokines, as well as extracellular matrix components specific to the mature CNS (for details, see Nakafuku and Grande 2013) . Thus, adult neurogenesis has to overcome this intrinsically gliogenic environment, whereas this is not an issue in embryos. This is also not the case in the adult brain of many other vertebrates, in particular, fish and amphibians, in which adult neurogenesis is much more widespread compared with most mammalian species analyzed so far (for a review, see Grandel and Brand 2013) .
CELL-CYCLE REGULATION
Another aspect of adult NSCs diverging from embryonic counterparts is their cell-cycle regulation. Although most radial glial cells have a short cell cycle during development ranging between 10 and 18 h (Götz and Huttner 2005; Dehay and Kennedy 2007; Lange and Calegari 2010; Arai et al. 2011) , most adult radial glial cells in the SEZ and subgranular zone (SGZ) of the DG have a much longer cell-cycle length ranging from several days to 2 wk (Morshead et al. 1994; Bonaguidi et al. 2011; Lugert et al. 2012) . This fits to their respective tasks-during embryogenesis, tissues and organs have to be formed in a relatively short period of time, so both stem cells as well as their downstream progenitors are engaged in active and fast proliferation. Already at embryonic day 13 -15, some cells are set aside as adult stem cells and divide relatively infrequently (Furutachi et al. 2015) , thereby starting early to follow the general hallmarks of adult stem cells utilizing rare divisions for avoiding the accumulation of genomic mutations or premature shortening of telomeres.
Interestingly, continuous live imaging in slice preparations of the lateral ganglionic eminence (LGE), the anlage of the later SEZ in the adult brain, revealed that radial glial cells facing the ventricle are the only cells self-renewing and possess the slowest cell-cycle progression (Pilz et al. 2013 ). Conversely, their progeny, a series of TAPs dividing in a symmetric proliferative mode, shorten their cell-cycle length at each subsequent round (Pilz et al. 2013) . This is very different from the cerebral cortex with progenitors gradually lengthening the cell cycle in subsequent divisions (Götz and Huttner 2005; Lange and Calegari 2010) . Thus, some hallmarks of adult NSCs, such as self-renewal and relatively slower cell-cycle progression, are already present in the embryonic radial glial cells in the region generating the adult NSCs at the lateral wall of the lateral ventricle (LV), diverging from other brain regions, such as the cerebral cortex, in which neurogenesis is terminated after development. The mechanisms underlying such region-specific cell-cycle control in NSCs in the embryonic LGE and adult SEZ are an important subject of future studies.
GOING UP INSTEAD OF GOING DOWN-DISTINCT REGULATION OF NEUROGENIC FATE DETERMINANTS
As mentioned above, adult NSCs are more akin to bona fide differentiated astrocytes and ependymal cells in their gene-expression patterns. Conversely, their embryonic counterparts cluster closely together with the cell fraction comprising the progeny of adult NSCs, namely TAPs and NBs . This difference is reflected in increasing expression levels of neurogenic fate determinants from adult NSCs to TAPs and NBs, whereas embryonic radial glia already possess as high levels of neurogenic fate determinants as adult NBs (Fig. 1) . Importantly, adult NSCs do have significantly higher expression levels of mRNAs for some of these fate determinants compared with bona fide astroglial cells from nonneurogenic regions such as the diencephalon . Thus, adult NSCs are primed for neurogenesis to some extent, but their progeny still needs to further up-regulate transcription of these fate determinants and acquire detectable protein levels to proceed to neurogenesis. Indeed, if this fails to occur, neurogenesis cannot proceed and cells are converted to gliogenesis instead . Thus, controlled up-regulation of cellintrinsic neurogenic fate determinants in adult NSCs and their progeny is crucial for neuronal fate acquisition, in particular, in the otherwise strongly gliogenic/antineurogenic cell-extrinsic environment in the adult brain as described above. Conversely, the high levels of neurogenic fate in embryonic radial glia need to be rapidly down-regulated when TAPs and differentiating NBs are generated ( Fig. 1 ) (see, e.g., Tuoc and Stoykova 2008) .
The different levels of intrinsic neurogenic fate determinants in adult or embryonic NSCs have obvious consequences on the intrinsic fate bias when cells are isolated in a low-density primary culture system. In such a system, adult NSCs do not directly differentiate into neurons but rather generate a series of TAPs and NBs through cell divisions, which in turn up-regulate the neurogenic fate determinants independent of their niche (Costa et al. 2011; Ninkovic et al. 2013) . This is very different for embryonic radial glial cells, which already possess very high expression levels of neurogenic fate determinants and readily differentiate into neurons when put in low-density cultures (see, e.g., Heins et al. 2002; Haubst et al. 2004) . Rather, these embryonic cells require extrinsic signals, such as fibroblast growth factor 2, to maintain them in a proliferative mode and inhibit direct neurogenesis (Qian et al. 1997 (Qian et al. , 2000 . Thus, as embryonic radial glial cells have intrinsically high protein levels of neurogenic fate determinants, they are biased toward direct neuronal differentiation by default, whereas adult NSCs only possess baseline low levels of mRNAs and require a series of intermediate progenitor divisions to up-regulate protein levels before terminal neuronal differentiation. These considerations highlight why adult NSCs may require the lower levels of neurogenic fate determinants, namely, to allow the maintenance of their multipotency. Although most embryonic radial glial cells behave like neuroblasts and readily differentiate into postmitotic neurons (Qian et al. 1997; Heins et al. 2002; Haubst et al. 2004) , only some can be forced to acquire multipotency by addition of growth factors (Qian et al. 2000; Gabay et al. 2003; Hack et al. 2004 )-fully consistent with their genomewide expression profile closely clustering to adult NBs . Conversely, adult NSCs are intrinsically multipotent and can still readily undergo gliogenesis as well as neurogenesis in vivo and in vitro (Hack et al. 2004; Menn et al. 2006; Benner et al. 2013; Ortega et al. 2013; Rafalski et al. 2013; Sohn et al. 2015) . Thus, multipotency requires lowering the levels of fate determinants for one specific fate, suggesting that the tight control of fate determinants is a key strategy for the long-term maintenance of multipotent adult NSCs.
In this regard, it is interesting to consider differences between NSCs in the SEZ and SGZ of the DG. Some data suggest that SGZ NSCs may not be multipotent (Seaberg et al. 2002; Clarke et al. 2011) as they fail to generate oligodendrocytes under normal conditions (Jessberger et al. 2008; Bonaguidi et al. 2011; Encinas et al. 2011; Lugert et al. 2012) . The SEZ certainly comprises oligodendrocyte progenitors (Hack et al. 2005; Menn et al. 2006 ), but to which extent these derive from NSCs is still under debate (Ortega et al. 2013; Rafalski et al. 2013 ). Importantly, the SEZ comprises a special signaling mechanism to suppress oligodendrogenesis, namely BMP (bone morphogenetic protein), and thereby allows neurogenesis (Colak et al. 2008 ). On white matter injury, signals inhibiting the BMP pathway, such as chordin, are increased and thereby promote oligodendrocyte production at the expense of neurogenesis (Jablonska et al. 2010) . Thus, BMP levels are tightly controlled in the adult SEZ to balance the neurogenic versus oligodendrogliogenic lineage (Gajera et al. 2010) . As there is no oligodendrogliogenesis in the adult DG, interference with BMP signaling exerts a different function, namely, NSC self-renewal (Bonaguidi et al. 2008; Mira et al. 2010 ), although it is critical for DG formation and neurogenesis during development (Choe et al. 2013; Urban and Guillemot 2014) . These considerations thus suggest that NSCs in the DG are more directed toward neurogenesis and accordingly would predict a higher expression level of neurogenic fate determinants already in the NSCs. Indeed, this is the case for Pax6, which is detectable by immunohistochemistry, that is, at protein levels, in radial glia-like NSCs in the rodent DG (Maekawa et al. 2005; Nacher et al. 2005; Hevneret al. 2006; Roybon et al. 2009 ), but not in their counterparts in the SEZ (Hack et al. 2005; Brill et al. 2008; Ninkovic et al. 2013) . Notably, recent studies have revealed that there is also significantly less lineage amplification in the DG (Bonaguidi et al. 2011; Lugert et al. 2012) compared with the SEZ (Calzolari et al. 2015) at the clonal level in individual NSCs.
MOLECULAR FATE DETERMINANTS IN EMBRYONIC AND ADULT NEUROGENESIS
The considerations above thus highlight a major difference between embryonic and adult neurogenesis in the regulation of neurogenic fate determinants affecting the NSC lineage and potency. This is best understood for the homeodomain TFs Pax6, Gsx2, and Dlx (Dlx1 and Dlx2), and the bHLH TF Ascl1, which we will focus on below.
PAX6
As most neurogenic fate determinants are absent in differentiating postmitotic neurons, they need to be rapidly down-regulated during the differentiation process. This is the case for Pax6 in embryonic neurogenesis as forced expression of Pax6 in all cells of the developing cerebral cortex, including neurons, elicits cell death (Berger et al. 2007 ). Indeed, Pax6 proteins are rapidly down-regulated and cleared out in intermediate/basal progenitors and subsequent neurons in the developing cerebral cortex and in other regions of its expression such as the spinal cord (Heins et al. 2002; Sugimori et al. 2007) . Although transcriptional control is also implicated in this process, active protein degradation by Trim 11 has been shown to be critical for the fast down-regulation of the Pax6 protein (Tuoc and Stoykova 2008) . Likewise, microRNAs regulate the protein level of Pax6 and other neurogenic fate determinants (Shibata et al. 2011; Chen et al. 2012; de Chevigny et al. 2012) .
In adult neurogenesis, however, such regulators need to work the other way around, namely, ensuring up-regulation of Pax6 in progeny of NSCs, or restricting it at lower levels in undifferentiated NSCs. Indeed, there is a pronounced discrepancy between Pax6 mRNA ( present) and protein (absent or low) levels in the SEZ at postnatal stages because of high levels of miR7a that repress Pax6 translation especially in this region (de Chevigny et al. 2012 ). This mechanism is used, on the one hand, to specify the region with highest Pax6 protein levels in NBs that generate dopaminergic periglomerular neurons (De Chevigny et al. 2012) . Similar microRNA-mediated translational inhibition also likely contributes to restrict protein levels of other neurogenic fate determinants in the adult neurogenic lineage. Indeed, when the miR7a level is reduced, Pax6 protein comes up in widespread regions and cell types, including NSCs lining the LV (de Chevigny et al. 2012) . Interestingly, several microRNAs are expressed in adult NSCs targeting an entire set of neurogenic TFs and hence allowing their coregulation (M Pusch, M Götz, and J Ninkovic, unpubl.) . Thus, microRNAs seemingly act as guardians restricting the expression levels of Pax6 and other neurogenic fate determinants in NSCs, thereby ensuring that they do not rise prematurely.
As Pax6 exerts many roles in the developing brain, including patterning, cell cycle and cell division regulation, neurogenesis, and gliogenesis (Osumi et al. 2008; Georgala et al. 2011; Walcher et al. 2013 ), the molecular mechanisms by which it exerts its potent neurogenic action have only recently been unraveled ( Fig. 2A) . The neurogenic function of Pax6 is most obvious on forced expression of Pax6 that causes conversion of, for example, glial cells (astrocytes and/or oligodendrocyte progenitor cells) isolated from the postnatal cerebral cortex into functional neurons (Heins et al. 2002; Berninger et al. 2007; Ninkovic et al. 2013) . Pax6 is even sufficient to instruct neuronal fate in glial cells after traumatic or ischemic injury in the adult brain in vivo (Buffo et al. 2005; Kronenberg et al. 2010; Grande et al. 2013) , even though its downstream effector Neurog2 appears more efficient in some regions (Ohori et al. 2006; Grande et al. 2013) .
Direct reprogramming also allows determining how Pax6 can exert this potent neurogenic function. Important findings have come out from analysis of differential roles of its three DNA-binding domains. Pax6 has a DNA-binding homeodomain, as well as a bipartite paired domain that binds DNAwith two separate modules, its amino-terminal PAI and carboxy-terminal RED subdomains ( Fig. 2A) . Importantly, splicing or internal transcriptional starts result in Pax6 isoforms lacking some of these DNAbinding domains. For example, the paired-less form of Pax6 lacks the entire paired domain and maintains only the homeodomain for DNA binding ( Fig. 2A ). As this form is not neurogenic at all, but rather regulates survival of olfactory bulb (OB) dopaminergic interneurons ( Fig. 2A) J Ninkovic and M Götz, unpubl.) , this implies that targets of the paired domain must be involved in regulation of neurogenic effector genes. Recent work has further unraveled that exclusively targets of the PAI domain are necessary and sufficient to regulate a neurogenic fate in the developing forebrain and spinal cord (Walcher et al. 2013; Huettl et al., in press ). This has been observed in experiments with forced expression of plasmids or in mouse mutants with Pax6 lacking the PAI Note that on insertion of the exon 5a (ii) the DNA binding of the PAI subdomain is abolished and the paired-less form of Pax6 (iii) lacks both DNA-binding domains of the paired, the PAI, and the RED domain. Although the paired-less domain is not neurogenic at all, it is required for survival of dopaminergic interneurons in the olfactory bulb. The PAI domain is essential for embryonic and adult neurogenesis, whereas the RED domain is dispensable for embryonic but not adult neurogenesis. subdomain DNA binding and thereby abolishing its neurogenic effect (Haubst et al. 2004; Walcher et al. 2013) . This is the case for the Pax6 splice variant including exon5a that interferes with DNA binding of the PAI domain ( Fig.  2Aii ) (Haubst et al. 2004 ) and a form of Pax6 with a point mutation in the PAI subdomain, which, abolishes selectively binding to PAI, but not RED consensus sites (L4 in Fig. 2Ai ), which also interferes with neurogenesis both in vivo in the respective mouse mutant as well as in vitro in forced expression experiments using this mutant form of Pax6 (Walcher et al. 2013 ).
Conversely, a mutation in the RED domain does not interfere with endogenous neurogenesis in vivo or with forced neurogenesis in embryonic radial glial cells in vitro (Walcher et al. 2013) . These experiments have thus identified the PAI domain as the sole regulator of neurogenesis mediated by Pax6 in the developing brain, and the above selective mutants now allowed determining the genes selectively regulated by this domain in the developing mouse cerebral cortex (Walcher et al. 2013 ). Intriguingly, however, Pax6-mediated neurogenesis from adult SEZ cells also requires a functional RED domain. Forced expression of RED or PAI domain mutant forms cannot induce neurogenesis in adult NSCs of the SEZ in vitro or in vivo (S Petricca, J Ninkovic, and M Götz, unpubl.) . Thus, these data imply the necessity of an additional level of target gene regulation requiring both subdomains of the paired domain to elicit neurogenesis in cells of the adult, but not the developing forebrain. Additional requirements for Pax6 to mediate neurogenesis in the adult SEZ have also been identified at the chromatin level. In adult SEZ neurogenesis, Pax6 requires interaction with the Brg1-containing BAF complex of the SWI/SNF family of chromatin remodeling factors , although this is dispensable for the neurogenic function of Pax6 during development (Fig. 2B) . Conditional deletion of Brg1, the essential ATPase subunit of the BAF complex, in adult NSCs severely interferes with SEZ-derived neurogenesis. This phenotype is phenocopied entirely by conditional deletion of Pax6. Importantly, genes that fail to be upregulated on Brg1 deletion are virtually all regulated by Pax6 ). Thus, Pax6 and Brg1-containing BAF complex physically interact and up-regulate Pax6 target genes. The downstream effectors from this complex comprise a self-amplifying cross-regulatory network of three neurogenic TFs (Pou3f2/4, Sox4/11, and Nfia/b), all of which are direct targets of Pax6 and Brg1, as well as of each other . This cross-regulatory network is turned on by Pax6 interacting with the Brg1-containing BAF complex, and, subsequently, each member is required to achieve sufficiently high levels of their own and their target gene expression that ultimately promote neuronal differentiation. Indeed, deletion of any one of these factors results in lower expression levels of the others, ultimately failing to reach the critical threshold for stabilizing a neuronal fate ). Thus, this network is critical to raise the levels of neurogenic fate determinants in the TAPs and NBs sufficiently high for stabilizing neuronal fate and differentiation.
Conversely, such mechanisms are not required for fate stabilization during development when neurogenesis occurs in a neurogenic environment. Indeed, when neurogenesis fails, cells rather remain as radial glial cells and are not converted to gliogenesis (Osumi et al. 2008; Guérout et al. 2014) , which is not yet actively supported by the environment at early stages. Accordingly, of the Pax6-driven gene network in adult neurogenesis, only Pou3f4 is significantly down-regulated in the embryonic Pax6 mutant telencephalon (Walcher et al. 2013) , whereas most of the others are not expressed or regulated at this stage. Likewise, deletion of Brg1 does not exert overt neurogenesis defects, but rather affects the NSC self-renewal in development (Matsumoto et al. 2006; Lessard et al. 2007 ) and hence does not phenocopy the Pax6 deletion in embryonic neurogenesis (Heins et al. 2002; Haubst et al. 2004) . Taken together, only in adult neurogenesis, both subdomains of the paired domain of Pax6 regulate neurogenesis, and, only in adult neurogenesis, Pax6 needs to associate with a potent chromatin remodeling complex to activate a self-amplifying downstream effector network for neurogenesis (Fig. 2) .
GSX2, ASCL1, and DLX
Gsx2 is another prime example of neurogenic fate determinants that coordinate multiple aspects of progenitor behavior in both embryos and adults. During development, it is broadly expressed in the ventricular zone of the ventral telencephalon, including the LGE, median ganglionic eminence (MGE), and ventral septum (Fig. 3A) (Corbin et al. 2000; Toresson et al. 2000; Toresson and Campbell 2001; Yun et al. 2001 Yun et al. , 2003 . In particular, its dorsal limit is adjacent to the ventral border of the pallial Pax6 þ domain with a narrow overlap, and cross-repressive interactions between Gsx2 and Pax6 establish the pallial -subpallial boundary (Toresson et al. 2000; Yun et al. 2001) . Moreover, proliferation of LGE progenitors is severely attenuated in Gsx2 mutant embryos, leading to the diminished formation of the OB, the striatum, and other basal ganglia nuclei, and a part of the amygdala (Toresson et al. 2000; Yun et al. 2001; Stenman et al. 2003; Waclaw et al. 2010) . Such proliferation deficits occur in areas beyond the aberrantly expanded Pax6-expressing territory, indicating that Gsx2 regulates progenitor proliferation independently of its role in patterning.
Interestingly, the initially broad Gsx2 expression in early embryos gradually becomes refined to a high dorsal and low ventral gradient within the LGE at later stages (Stenman et al. 2003) . The high Gsx2-expressing region defines the dorsal (d) LGE that serves as a major source of embryonically generated OB interneurons, whereas the more ventral (v) region (vLGE) is responsible for the production of striatal projection neurons (Stenman et al. 2003; Waclaw et al. 2009 ). A recent study has shown a similar gradient of Gsx2 expression in the adult SEZ; Gsx2 þ NSCs are highly enriched in the dorsolateral (dl) corner, whereas such cells are much less frequent in other SEZ subdomains (Fig. 3B ) ). Gsx1, a close homolog of Gsx2, is expressed in these Gsx2-negative regions, and another homeodomain TF Nkx2.1 is expressed in the ventral-most region (Ló pezJuárez et al. 2013). Moreover, dorsal to the Gsx2 þ dlSEZ, there is a narrow subdomain between the overlaying corpus callosum and LV (dorsal roof [dr] SEZ) in which Pax6-expressing cells reside. Thus, the adult SEZ is divided into at least four molecularly distinct subdomains, the Pax6
þ lateral (l) and medial (m) SEZs, and Gsx1 þ / Nkx2.1 þ ventral (v) SEZ. This domain organization mirrors that in the embryonic brain (Fig.  3B) . In fact, fate-mapping studies using various Cre-expressing mice suggest the direct lineage relationships between embryonic progenitor domains and adult SEZ subdomains (Kohwi et al. 2005'; Willaime-Morawek et al. 2006; Young et al. 2007; Merkle et al. 2014) . These findings support the idea that, like in embryonic neurogenesis, the regional identity of NSCs in the adult SEZ plays a role in generating the diversity of adult-born OB neurons. Further studies have provided evidence supportive of this view. NSCs residing in distinct regions of the SEZ produce overlapping but distinct subsets of OB interneurons at birth and, to some extent, in adults as well (Merkle et al. 2007 (Merkle et al. , 2014 . Moreover, inactivation of Pax6 and Gsx2 leads to a loss of distinct subsets of OB neurons (tyrosine hydroxylase þ and calretinin þ glomerular neurons, respectively, among others) (Hack et al. 2005; Kohwi et al. 2005; Brill et al. 2008; Ló pez-Juárez et al. 2013; Ninkovic et al. 2013) .
Nevertheless, there are significant differences in the mechanisms by which the regional identity of progenitors is regulated in embryos and adults. Inactivation of Gsx2 in embryos results in compensatory expansion of both the dorsal Pax6 þ and ventral Gsx1 þ domains (Fig.  3A , lower panels) (Toresson et al. 2000; Toresson and Campbell 2001; Yun et al. 2001) . Such changes, however, do not occur in adult Gsx2 mutants (Fig. 3B ) (Ló pez-Juárez et al. 2013). Likewise, although ectopic expression of Gsx2 suppresses Pax6 and Gsx1, and overexpressed Gsx1 inhibits Gsx2 expression in the developing telencephalon Pei et al. 2011) , ectopic expression of Gsx1 or Gsx2 does not alter the domain-specific expression of other TFs in the adult SEZ (Ló pez-Juárez 
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Gsx1 Gsx1 conditions. In the WT mice, more Gsx2 þ cells appear in its normal expression domain (dlSVZ) and also ectopically in the lateral (l), medial (m), and ventral (v) SEZs in response to injury (C, upper panels). Such Gsx2 induction accompanies the up-regulation of Dlx þ and Ki67 þ cells, reflecting injury-stimulated neurogenesis (C, lower panels). In contrast, the up-regulation of Dlx þ and Ki67 þ cells does not occur in Gsx2 LOF mice in either dlSVZ or other SEZ subregions in which Gsx2 is not required for neurogenesis under normal conditions (C, lower panels). CC, Corpus callosum; Cx, cerebral cortex; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; Sp, septum; d, dorsal; dl, dorsolateral; dr, dorsal roof. et al. 2013; A Ló pez-Juárez and M Nakafuku, unpubl.). Thus, once the regional specificity is established during development, it appears that cross-repressive interactions between these patterning TFs do not operate any more, and the molecular profile of distinct adult NSC subgroups is maintained independently from each other.
Another interesting finding is that Gsx2 is involved in adult-specific regulation of neurogenesis, namely, stimulation in response to injury (Fig. 3C,D) . Numerous previous studies have shown that a variety of brain insults, including ischemia, trauma, and neurodegeneration, up-regulate continuous baseline neurogenesis in the adult SEZ (reviewed in Nakafuku and Grande 2013). A recent study has shown that the normally dorsally restricted expression of Gsx2 is expanded to broader SEZ subdomains in response to hypoxia-ischemia and excitotoxic acute insults (Fig. 3C ) (Ló pez-Juárez et al. 2013). Moreover, deletion of Gsx2 in NSCs halts injury-induced up-regulation of neurogenesis across SEZ subdomains, including those that do not normally depend on Gsx2 for continuous neurogenesis (Fig. 3D) . These results show that injury-induced neurogenesis is not just an accelerated version of continuous neurogenesis in the intact brain, but rather is controlled by distinct mechanisms.
Similarities and differences can also be found in the role of Gsx2 in OB neurogenesis during development and adulthood. Gsx2 mutant progenitors in embryos and adults are both defective in producing OB interneurons (Stenman et al. 2003; Yun et al. 2003; Waclaw et al. 2009; Ló pez-Juárez et al. 2013 ). An important difference, however, is that germline Gsx2 mutants show a severe loss of many dLGE-derived OB interneuron subtypes including both Sp8 þ and Pax6 þ neurons (Stenman et al. 2003; Yun et al. 2003) , whereas adult Gsx2 deletion causes a loss of a small subset of OB interneurons, mainly Sp8 þ granule cells and periglomerular layer neurons, but not Pax6 þ periglomerular layer neurons or the majority of g-aminobutyric acid (GABA)-ergic granule cells (Ló pez-Juá-rez et al. 2013). Thus, the role of Gsx2 in OB neurogenesis appears more limited in adults than in embryos. Interestingly, Pax6 þ cells remain in the dorsal roof region of the adult SEZ, whereas those in the adjacent dlSEZ where Gsx2 þ NSCs reside and overlap with Pax6 þ cells are lost in adult Gsx2 mutants. These Pax6/ Gsx2-coexpressing cells are reminiscent of cells found as a narrow stripe at the pallial -subpallial boundary of the embryonic telencephalon (Stenman et al. 2003) . Thus, Gsx2
þ adult stem cells in the dlSEZ may be a descendant of this specific subpopulation of Gsx2 þ progenitors in embryos.
Differences in embryos and adults are also evident in the temporal control of Gsx2 expression and its action during the course of the lineage progression of stem cells. During development, most, if not all, dLGE progenitors continue to express Gsx2 from early to late stages (Stenman et al. 2003; Waclaw et al. 2009 ). In the adult SEZ, however, its expression is confined to a subpopulation of NSCs in the dlSEZ. Detailed marker analysis has further revealed that Gsx2 is first turned on when quiescent NSCs are activated and recruited to the cell cycle, and subsequently carried on in a subset of TAPs. It is eventually turned off when TAPs start expressing Dlx and differentiating into NBs (Fig. 4A ) . Consistent with this temporal expression pattern, conditional inactivation of Gsx2 blocks the transition from NSCs to TAPs, a crucial first step in the lineage progression toward neurogenesis. Paradoxically, constitutive overexpression of Gsx2 also blocks neurogenesis at the same step, indicating that Gsx2 needs first to be turned on and subsequently turned off for stem cells to generate TAPs and NBs. Thus, Gsx2 acts as a gatekeeper of adult neurogenesis by keeping NSCs in check and limiting their recruitment toward neurogenesis. Such a tight control by Gsx2 is not evident in embryos. Although the requirement of Gsx2 for the generation of secondary progenitors is the same, overexpression of Gsx2 stimulates, rather than inhibits, neurogenesis in the embryonic telencephalon Pei et al. 2011) . Moreover, although inactivation and overexpression of Gsx2 leads to enhanced and attenuated oligodendrogenesis, respectively, in embryos (Chapman et al. 2013) , such fate
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Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a018853 changes are not observed in adult Gsx2 mutants , suggesting that the primary role of Gsx2 in adults is the recruitment of multipotent NSCs into the cell cycle, a step before neuron -glia fate decisions. These results support the aforementioned notion that embryonic progenitors are prone to differentiation, whereas adult NSCs are under additional controls.
Similarities and differences are also found between embryos and adults in terms of the mechanisms downstream from Gsx1/2. In the embryonic telencephalon, the bHLH factor Ascl1 and the homeodomain factor Dlx (Dlx1 and Dlx2) act as major neurogenic TFs downstream from Gsx1/2 (Fig. 4B) . Their expression is severely attenuated in widespread regions of the developing ventral forebrain in Gsx2 germline mutants and almost completely lost in the dLGE in Gsx1/2 double mutants (Corbin et al. 2000; Toresson et al. 2000; Toresson and Campbell 2001; Yun et al. 2001; Wang et al. 2009 ). Conversely, ectopic expression of either Gsx1 or Gsx2 can induce robust expression of Ascl1 and Dlx in broad telencephalic regions Pei et al. 2011) . Similar to Gsx1/2 mutants, generation of interneurons is significantly attenuated in the OB of Ascl1 Parras et al. 2004; Long et al. 2007) and Dlx (Bulfone et al. 1998; Long et al. 2003 Long et al. , 2007 ) mutant mice. Finally, genetic analysis of single and compound mutants have shown that the expression of Ascl1 and Dlx1/2 are largely preserved in both Dlx1/2 and Ascl1 mutant brains, respectively, and that these TFs act through parallel and overlapping pathways in the generation of OB and other forebrain neurons during development (Bulfone et al. 1998; Casarosa et al. 1999; Long et al. 2007 Long et al. , 2009 . A similar upstream-downstream relationship between Gsx1/2 and Ascl1/Dlx is found in the adult brain. The expression of Ascl1 and Dlx is lost in the dlSEZ of conditional Gsx2 mutants (Ló pez-Juárez et al. 2013), and conditional inactivation of Ascl1 results in a severe loss of neurogenesis in the adult SEZ (Andersen et al. 2014) . Inhibition of Dlx activity in the SEZ by its dominant-negative form also results in attenuated OB neuron production Colak et al. 2008) . Altogether, these results show that a common genetic cascade (Gsx2 -Ascl1 -Dlx) operate in controlling OB neurogenesis in embryos and adults.
Closer examinations of these mutant animals, however, have revealed important differences. Most notably, the dependency on Ascl1 appears distinct between embryonic and adult stages. Although the total number of OB interneurons generated by the end of embryogenesis is significantly reduced in Ascl1 knockout mice, 1/3 and 2/3 of the GABAergic neurons in the glomerular layer and granule cell layers, respectively, are still present in the mutants (Parras et al. 2004) . In fact, the proliferative activity of stem/progenitor cells in the SEZ is, although slightly reduced compared with wild-type animals, preserved at birth in Ascl1 mutants (Parras et al. 2004 ). In contrast, few proliferative cells remain in the SEZ and rostral-migratory stream (RMS), and the production of new OB neurons is almost complexly lost when Ascl1 is conditionally inactivated in the SEZ at the adult stage, demonstrating an essential role of Ascl1 in adult neurogenesis (Andersen et al. 2014 ; M Simic, F Guillemot, and M Nakafuku, unpubl.). Thus, NSCs responsible for OB neurogenesis become more dependent on Ascl1 while transitioning from embryonic to adult stages, which is opposite to the dependency on Gsx2 (more dependent on Gsx2 in embryos than adults) described above. This could be caused by differences in the OB neuron subtypes produced at distinct stages (Batista-Brito et al. 2008 ), or, alternatively, genes that act redundantly with Gsx2 and Ascl1 operate differentially in embryos and adults.
Further investigations of the exact dependency of various OB neuronal subtypes on Ascl1 and Gsx2 at distinct stages will provide a clearer picture on the mechanisms of regulation of OB neurogenesis.
Gain-of-function experiments have also revealed an interesting difference in the functional relationships between Gsx2 and Ascl1/Dlx. Misexpression of Gsx2 (and Gsx1) robustly induces Ascl1 and Dlx expression in widespread regions of the developing telencephalon Pei et al. 2011) . Its overexpression in adult NSCs, however, rather suppresses their expression, thereby keeping stem cells at a slowly dividing undifferentiated state (Fig. 4B ) . Moreover, recent studies further suggest that complex cross talks between Gsx2 and Ascl1 play a role in determining whether stem cells remain undifferentiated or proceed to neurogenesis (M Simic, F Guillemot, and M Nakafuku, unpubl.). Thus, although a similar genetic pathway (Gsx2 -Ascl1-Dlx) is used in embryos and adults, the mode of their interactions is different in the two systems.
NEUROTRANSMITTER SIGNALING IN EMBRYONIC AND ADULT NEUROGENESIS
So far, we reviewed largely the differences and similarities of intrinsic regulators of NSCs and neurogenesis, but of course the same applies to extrinsic signaling. Much of the signaling sources and factors change from embryonic to adult neurogenesis, but some of the usual suspects are also present and potently active at both stages. This is, for example, the case for Wnt or BMP signaling (for recent review, see Urban and Guillemot 2014) . Interestingly, Wnt promotes proliferation of NSCs and neuronal differentiation both at embryonic and adult stages, whereas BMP maintains quiescence of mostly adult SGZ NSCs (Urban and Guillemot 2014) . As this review already excellently surveyed the distinct function of such key growth factors, we will briefly review here the differences and similarities of the key neurotransmitters, GABA and glutamate, in embryonic and adult neurogenesis.
Differences in structural and cellular features between embryonic and adult brain tissue determine how humoral factors influence NSC biology. In the embryo, the key tissue elements, such as blood -brain barrier (Hagan and BenZvi 2015) , astrocyte (Jacobsen and Miller 2003; Rowitch and Kriegstein 2010) and oligodendrocyte cells (Kessaris et al. 2006) , or stable neuronal circuitry (Kelsch et al. 2012; Luhmann et al. 2014) , are either not present or undergoing development. Absence of these elements is bound to influence the way humoral factors, such as growth factors or neurotransmitters, can affect cellular processes. For example, astrocytes are able to both release and buffer tonic neurotransmitters (for review, see Parpura and Verkhratsky 2012) , and such functions can be expected in aNSCs as well because they express neurotransmitter transporters Ninkovic et al. 2007; Beckervordersandforth et al. 2010 ). The differences in cellular factors, such as absence of dense astroglial networks in the embryo, as well as in expression of different neurotransmitter receptors between adult and embryonic brain are likely to define differential effects of neurotransmitter actions on the NSCs as we will discuss below with the emphasis on NSC proliferation (for recent review on neurotransmitter influencing neuronal migration, see Luhmann et al. 2015) for the two major neurotransmitters, GABA and glutamate, as they are present in most brain regions and allow crossregional comparison.
GABA
GABA is a major neurotransmitter that acts on a multitude of receptors with many subunits and splice variants. GABAergic receptors fall into two major groups, the ionotropic GABA-activated chloride channels that typically hyperpolarize neurons in the adult brain (Olsen and Sieghart 2008) and the metabotropic GABA B receptors that are coupled to G proteins and (when coupled with Gi/o proteins) reduce calcium and increase potassium conductance via voltage-gated calcium and inwardly rectifying potassium channels, respectively (Bowery et al. 2002) . Both types of receptors are expressed on embryonic and adult neural progenitors (Tozuka et al. 2005; Renzel et al. 2013; Giachino et al. 2014) .
Higher expression of the Na
cotransporter (NKCC1) in neural stem and progenitor cells as well as young neurons increase the chloride concentration inside the cell and reverses the effects of GABA A receptors (Li et al. 2002) , making them activate because of the depolarization resulting from chloride ion efflux instead of the influx in mature neurons that results in hyperpolarization. Accordingly, activation of GABA A receptors in neural progenitors leads to chloride efflux, thus depolarizing both the embryonic cerebral cortex and adult SEZ progenitors (LoTurco et al. 1995; Wang et al. 2003) , which, in turn, leads to their activation via increased calcium influx (Young et al. 2010) . Despite this shared mode of action, GABA exerts different actions on proliferation of embryonic and adult NSCs. In the adult brain, GABA inhibits activation of aNSCs in SGZ (Song et al. 2012) and reduces the number of proliferating cells in SEZ (Liu et al. 2005) . In embryos, however, activation of GABA A promotes proliferation of NSCs located in the ventricular zone (VZ), while it decreases cell proliferation of basal progenitors in the subventricular zone (SVZ) (Haydar et al. 2000) and in the peripheral neural crest stem cells (Andang et al. 2008) . This opposing effect of GABA on different embryonic progenitors may be a result of intrinsic differences in the expression of GABAergic receptor subunits, or they may result from differential GABAergic inputs. Such regional differences in GABA sources are observed even between the two adult neurogenic niches, in which GABA in the SGZ is provided by local interneurons (Song et al. 2012) , whereas neuroblasts release tonic GABA in the SEZ (Liu et al. 2005) . Phasic actions are very local and short lasting, whereas tonic (also called volumetric) release may affect greater areas and for longer times. The differences of GABAergic action in between embryonic and adult NSCs is curious considering the shared mechanisms of action. GABAergic stimulation decreases DNA synthesis in embryonic progenitors (LoTurco et al. 1995) , a mechanism that was linked to phosphorylation of HA2X histone in the adult SEZ (Fernando et al. 2011) . This difference in GABAergic action on embryonic versus adult NSCs is further corroborated by the effects of GABA B receptors. In the adult SGZ, pharmacological or genetic ablation of GABA B receptors in aNSCs promotes their proliferation, suggesting that signaling from GABA B receptors is antiproliferative (Giachino et al. 2014) . In contrast, there is less proliferation in neurospheres derived from GABA B R1 subunit knockout mice or after blocking GABA B receptors, suggesting that GABA B acts as a pro-proliferative agent in embryos (Nakamichi et al. 2009 ).
Glutamate
Regulation by the excitatory neurotransmitter glutamate is rather complex. This is given, among other factors, by the diversity of glutamate receptors and their specific spatial and temporal distribution patterns in neural progenitors (Melchiorri et al. 2007 ). There are two classes of ionotropic receptors ( pharmacologically classified as AMPA/kainate and NMDA receptors) composed of 18 different gene products (Traynelis et al. 2010 ) and eight metabotropic, G-protein-coupled receptors (mGluR1-8) in three groups, groups I to III (Collingridge et al. 2009 ).
Metabotropic glutamate receptors regulate neural stem and progenitors in a more straightforward fashion than the ionotropic receptors; however, there are some marked differences regarding glutamatergic actions in embryonic versus adult neurogenesis. Blockage or ablation of mGluR5 G q/11 -protein coupled receptors from group I reduces cell proliferation in embryonic neural progenitors from the striatal anlage (Luk et al. 2003; Gandhi et al. 2008 ), but not from the embryonic cerebral cortex (Gandhi et al. 2008) . Interestingly, however, hypoxia induces an mGluR5-mediated proliferation response also in the embryonic cerebral cortex progenitors (Zhao et al. 2012) . Conversely, glutamatergic stimulation increases proliferation of NSCs in the embryonic cerebral cortex VZ, whereas TAPs located in the embryonic SVZ are rather decreased in proliferation by glutamatergic stimulation (Haydar et al. 2000) . Thus, the response characteristics to glutamate differ profoundly between NSCs and TAPs at embryonic stages. The response of adult NSCs large resembles that of embryonic cells but also shows some differences. The proliferation of early postnatal NSCs from the SGZ and SEZ is promoted by mGluR5 (Di Giorgi-Gerevini et al. 2005) , whereas adult NSCs in SGZ seem no longer responsive . The difference in response of embryonic and adult NSCs to mGluR5 is likely not a consequence of mGluR5 expression as both neurogenic niches express the receptor (Di Giorgi-Gerevini et al. 2005; Gandhi et al. 2008; Nakamichi et al. 2008; Muth-Kohne et al. 2010b ). This disparity may lie in different downstream signaling pathways, receptor interactions, or even a difference in the source and mode of delivery of glutamate.
In contrast to G q/11 -protein-coupled mGluR5 receptors, group III (such as mGluR7) receptors (coupled to G i/o -proteins) reduce cell proliferation in embryonic cerebral cortex neural progenitors (Nakamichi et al. 2008) . Unfortunately, nothing is known about the role of mGluR7 in adult neurogenesis despite the expression of the receptor in DG granule cells (Kinzie et al. 1995) . However, blocking group II receptors (that are also G i/o -protein-coupled) are reported to reduce proliferation in the adult SGZ in vivo (Yoshimizu and Chaki 2004) . As the antiproliferative actions of G i/o -proteincoupled glutamate receptors were tested in cells from the entire embryonic neocortex (Nakamichi et al. 2008) , which includes both TAPs located in the SVZ and NSCs located in the VZ, the conclusive comparison between embryonic and adult NSCs with regard to these receptors requires further investigations.
The situation with ionotropic glutamate receptors is even less clear. This is influenced in part by limited knowledge on the receptor composition and actions in the adult NSCs and progenitors. In embryonic cerebral cortex progenitors, GABA A receptor expression precedes expression of glutamatergic receptors (Muth-Kohne et al. 2010b ). Calcium-permeable AMPA receptors containing a specific GluRA2
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Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a018853 subunit (Whitney et al. 2008 ) are expressed before the onset of NMDA receptors in more differentiating conditions (LoTurco et al. 1991; Muth-Kohne et al. 2010a ). In the adult SGZ, although proliferating cells express NMDAR1 and AMPA GluR2 subunits (Bekiari et al. 2015) , aNSCs were originally reported as responding to GABA but not to glutamate stimulation (Tozuka et al. 2005) . However, this apparent functional absence of responsiveness to glutamate may be because of the fact that receptor agonists were applied to the soma of aNSCs (Tozuka et al. 2005 ) and not to their tufted processes that was only recently reported to harbor AMPA/kainate functional receptors (Renzel et al. 2013) . These receptors seem to be absent in aNSCs of the SEZ , which correlates with a reduction of the number of cells expressing NMDAR1, R2A, and R2B subunits from early postnatal age to adulthood (Fan et al. 2012) . Fewer NBs respond to NMDA stimulation in the SEZ than in the RMS, where NMDA receptors regulate their survival . The absence of ionotropic glutamate receptors in the adult SEZ and their functional presence in embryonic NSCs again underlines key differences between embryonic and adult neurogenesis.
Release of glutamate in the adult SGZ was originally suggested as a signal of increased neuronal excitability that promotes proliferation via NMDA receptors (Deisseroth et al. 2004 ). However, blocking NMDA receptors was also found to increase proliferation of embryonic progenitors in vitro (Hirasawa et al. 2003) as well as progenitors from the adult SGZ in vivo (Cameron et al. 1995; Nacher et al. 2001; Kitayama et al. 2003; Bursztajn et al. 2007 ). Such discrepancies may result from differences in the technical design of the studies because the length of the treatment with NMDA receptor agonists determines whether they act as proor antiproliferative agents (Joo et al. 2007 ). Thus, it is important to consider the effects of tonic versus phasic glutamate release as well as its origin. Although mossy cells provide phasic synaptic glutamate releases for newborn neurons in the adult SGZ that determine their maturation (Chancey et al. 2014) , the actual glutamate source influencing proliferation in the adult SGZ is currently unknown. It may come from glutamatergic projections of neurons from the enthorhinal cortex to the molecular layer of the DG (Cameron et al. 1995) . The mode of neurotransmitter release (tonic vs. phasic) brings us back to the initial concept of structural and cellular differences between embryonic and adult brains. Although the developing brain contains an interconnected network of radial glia/NSCs and synaptic connections between early-born neurons, it lacks, among other factors, astrocytes, oligodendrocytes, and NG2 glia with their neurotransmitter buffering capacity (Parpura and Verkhratsky 2012) , and most neurotransmitters are likely to originate from neuronal synaptic release. Therefore, differences in the duration and cellular source of the neurotransmitter release may well explain differential effects on embryonic and adult NSCs. In addition, recently available transcriptome data (Pinto et al. 2008; Beckervordersandforth et al. 2010; Bracko et al. 2012; Codega et al. 2014 ) may further help define developmental changes in the expression of neurotransmitter receptor subtypes and their downstream effectors, which may mediate specific signaling pathways in embryonic versus adult NSCs.
CONCLUDING REMARKS
The aforementioned comparisons highlight an important overarching concept in understanding the similarities and differences of NSCs in development and adulthood. Foremost, growing evidence has revealed that adult NSCs are not just a leftover of progenitors that are not used during development. Rather, they are specified and set aside at early developmental stages under the control of additional (and in some sense more advanced) layers of regulations that are specifically designed to suit their needs. Such a need is, for example, long-term preservation of multipotency of adult NSCs. This is not required during development when NSCs can have high levels of neurogenic fate determinants during the first neurogenic phase with glial progenitors specified and amplifying at later stages. Conversely, adult NSCs must be ready for both glial and neuronal lineages depending on the respective acute needs, and they remain so over a long period throughout life. In fact, NSCs in the SEZ retain the capacity to produce both oligodendrocytes and astrocyes, as well as neurons, at the adult stage under intact and injured conditions (Hack et al. 2004; Menn et al. 2006; Jablonska et al. 2010; Benner et al. 2013; Ortega et al. 2013; Rafalski et al. 2013; Sohn et al. 2015) .
A further key difference is the regulation of embryonic and adult NSC proliferation. The embryonic NSCs have to generate a certain number of neuronal and glial progeny in a rather fixed number of cell division and with a preset magnitude of the output, that is, brain size. Conversely, adult NSCs generate specific subtypes of neurons that influence neuronal network properties in a delicate manner. Accordingly, activation of NSCs and the neuronal output is under control of many environmental factors increasing or decreasing adult neurogenesis (Urban and Guillemot 2014) . To adapt newly generated neurons to the need of the neuronal network, synaptic and neurotransmitter activity plays a key role in this context, but has also striking similarities in development.
The other prevailing need of adult neurogenic NSCs is to overcome the gliogenic environment. This requires additional mechanisms for activation and maintenance of high levels of neurogenic fate determinants when embarking on neurogenesis. The full picture of the molecular logic underlying such additional regulations is not yet well understood. An emerging idea is that adult NSCs share the same core machinery with their embryonic counterparts, but possess additional modulatory mechanisms that change the mode of expression and action of individual components. It is tempting to speculate that such additional mechanisms allow stem cells to adapt to the antineurogenic environment unique to the adult brain, and to commence adult-specific tasks, such as the maintenance of undifferentiated cells over a prolonged period and altering the tempo and extent of neuronal production in response to various exogenous stimuli, such as neuronal activities, hormonal regulations, and injury (Nakafuku and Grande 2013). The aforementioned Pax6-Brg1 interactions in continuous neurogenesis and the unique role of Gsx2 in injuryinduced neurogenesis are prime examples of such adult-specific regulatory mechanisms. Further studies on the molecular logic that governs the behavior of NSCs may provide important clues to further improve differentiation of NSCs or other cells into functional neurons even in the gliogenic environment of the adult CNS and hence further cell-based brain repair in the future.
